(19) 




(12) 



Europaisches Patentamt 
European Patent Office 
Office europeen des brevets 



(11) 



EP 1 253 (B48 A1 



EUROPEAN PATENT APPLICATION 

published in accordance with Art. 158(3) EPC 



(43) Date of publication: 


(51) Intel. 7 : H01L 29/78, H01L 29/786, 


30.10.2002 Bulletin 2002/44 


H01L 21/336 


(21) Application number: 01921894.0 


(86) International application number: 
PCT/JP01/03332 


(22) Date of filing: 18.04.2001 


(87) International publication number: 

WO 02/033759 (25.04.2002 Gazette 2002/1 7) 


(84) Designated Contracting States: 


o TAKAGI, Takeshi 


AT BE CH CY DE DK ES Fl FR GB GR IE IT LI LU 


Kyoto-shi, Kyoto 616-8182 (JP) 


MC NL PT SE TR 


• KUBO, Minoru 
Nabari-shi, Mie 518-0641 (JP) 


(30) Priority: 19.10.2000 JP 2000318978 


(74) Representative: Grunecker, Kinkeldey, 


(71) Applicant: MATSUSHITA ELECTRIC INDUSTRIAL 


Stockmair & Schwanhausser Anwaltssozietat 


CO., LTD. 


Maximilianstrasse 58 


Kadoma-shi, Osaka 571-8501 (JP) 


80538 Miinchen (DE) 


(72) Inventors: 




• HARA, Yoshihiro 




Hirakata-shi, Osaka 573-1104 (JP) 





(54) P-CHANNEL FIELD-EFFECT TRANSISTOR 



(57) In a channel layer made of SiGe containing C, 
the Ge composition varies linearly from 0% to 50% from 
one end closer to a silicon buffer layer toward the other 
end closer to a silicon cap layer, and C is contained at 
0.5% selectively in a region where the Ge composition 
is 40% to 50% (i.e., a region where it exceeds 30%). By 
containing C at 0.5% in a region where the Ge compo- 
sition is 40% to 50%, the strain amounts can be reduced 
by about 12% and 10%, respectively, while Ev is not 
substantially changed. It is possible to reduce a thresh- 
old value and to increase a driving current while ensur- 
ing a large critical thickness of the SiGe channel layer. 
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Description 
TECHNICAL FIELD 

[0001] The present invention relates to a p-channel 
type field effect transistor in which a channel is formed 
in an SiGeC layer. 

BACKGROUND ART 

[0002] A MOS (Metal-Oxide-Semiconductor) type 
field effect transistor in which a p channel is formed by 
confining holes in an Si^Gex layer (0<x<1) (hereinafter 
referred to as an "SiGe layer"), which is a mixed crystal 
of Si and Ge, by utilizing a hetero barrier formed be- 
tween the SiGe layer and an Si layer, has been reported 
in the prior art, aiming to increase the speed of a field 
effect transistor. 

[0003] FIG. 22 is a cross-sectional view illustrating an 
example of such a conventional p-channel type field ef- 
fect transistor (p-MOSFET). As illustrated in the figure, 
an Si buffer layer 302, an SiGe channel layer 303 and 
an Si cap layer 304 are successively epitaxially grown 
on an n-type Si substrate 301 by a UHV-CVD method. 
The thicknesses of the Si buffer layer 302, the SiGe 
channel layer 303 and the Si cap layer 304 are 10 nm, 
10 nm and 5 nm, respectively, and the layers 302, 303 
and 304 are not doped with an impurity. Moreover, a 
gate insulating film 305 made of a silicon oxide film and 
a gate electrode 306 made of a polysilicon film are pro- 
vided on the Si cap layer 304. Moreover, a source region 
307 and a drain region 308 containing a high concen- 
tration of a p-type impurity (e.g., boron) are formed in 
portions of the large region across the Si buffer layer 
302, the SiGe channel layer 303 and the Si cap layer 
304 that are located on opposing sides of the gate elec- 
trode 306. A source electrode 309 is provided on the 
source region 307, and a drain electrode 310 is provided 
on the drain region 308. Note that the channel length 
and the channel width of an MOS type field effect tran- 
sistor are 0.5 jim and 10 fim, for example. 
[0004] FIG. 23(a) and FIG. 23(b) are respectively a 
diagram illustrating the difference in lattice constant be- 
tween an SiGe single crystal and an Si single crystal, 
and a cross-sectional view illustrating a state where an 
SiGe layer is epitaxially grown on an Si layer. Since the 
lattice constant of an SiGe single crystal is greater than 
the lattice constant of an Si single crystal, as illustrated 
in FIG. 23(a), the SiGe channel layer 303 is epitaxially 
grown on the Si buffer layer 302 while being subject to 
a compressive strain, as illustrated in FIG. 23(b). In the 
strained SiGe channel layer 303, the degeneracy of the 
energy band is lifted, whereby a light hole band and a 
heavy hole band are formed, and the light hole has a 
greater mobility than the degenerated hole in the Si sin- 
gle crystal. In view of this, in a conventional p-channel 
type field effect transistor utilizing an Si/SiGe hetero 
junction, the SiGe layer being subject to a compressive 



strain is used as a channel so as to realize a high-speed 
operation. 

[0005] A field effect transistor using strained SiGe as 
a channel as described above has a problem in that a 
5 channel is formed parasitically (hereinafter referred to 
as a "parasitic channel") in a region of the Si cap layer 
304 adjacent to the gate insulating film 305 when the 
gate voltage is high. The parasitic channel will now be 
described. 

[0006] FIG. 24(a) and FIG. 24(b) (solid lines) are band 
diagrams illustrating the energy band for a small voltage 
application and that for a large voltage application, re- 
spectively, along a cross section vertically passing 
through the gate electrode 306 - gate insulating film 305 
- Si cap layer 304 - SiGe channel layer 303 - Si buffer 
layer 302 - Si substrate 301 of the p-channel type field 
effect transistor. In this example, the SiGe channel layer 
303 has a Ge content (hereinafter referred to simply as 
a "Ge composition") that is graded substantially contin- 
uously so that it is 0% at the boundary with the Si buffer 
layer 302 and 30% at the boundary with the Si cap layer 
304. It can be seen that when the negative voltage Vg 
applied to the gate electrode 306 is small (when the ab- 
solute value thereof is small), there is no prominent par- 
asitic channel, as illustrated in FIG. 24(a), whereas 
when the negative voltage applied to the gate electrode 
306 is increased (when the absolute value thereof is in- 
creased), the energy level at the upper end of the val- 
ance band in the Si cap layer 304 increases, whereby 
a prominent parasitic channel appears. 
[0007] Moreover, in each of FIG. 24(a) and FIG. 24 
(b), a band structure in a case where the Ge composition 
is at a constant value of 15% is shown by a dotted line. 
Each solid-line band structure is a structure in a case 
where the Ge content in the SiGe channel layer is in- 
creased substantially linearly from 0% to 30%, and has 
a steep slope at the upper end of the valence band, as 
compared with the dotted-line band structure. In other 
words, there is an increased band discontinuity ( A Ev) 
at the interface between the SiGe channel layer 303 and 
the silicon cap layer 304. 

[0008] FIG. 25(a) and FIG. 25(b) are diagrams illus- 
trating a Ge composition profile and a strain amount pro- 
file, respectively. It can be said that since the graded 
composition shown by a solid line and the constant com- 
position shown by a dotted line have the same strain 
amount as a whole, they are equivalent to each other in 
terms of thermal stability. 

[0009] As illustrated in FIG. 24(a) and FIG. 24(b), in 
a slightly overdriven state, the energy level at the upper 
end of the valence band takes its maximum value in the 
SiGe layer 303, whereby substantially all of the holes 
are present in the SiGe layer 303, and a channel that 
contributes to conduction is formed in the SiGe layer 
303. This channel is formed at a distance equal to the 
thickness of the silicon cap layer 304 inwardly from the 
outermost surface of the entire semiconductor layer, 
and is thus called a "buried channel". However, with 
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strong overdriving, the slope of the profile at the band 
end of the silicon cap layer 304 becomes steep, where- 
by holes are present also in the silicon cap layer 304 at 
the interface with the gate insulating film 305. The chan- 
nel formed in the silicon cap layer 304 is called a "par- 
asitic channel". 

[0010] As described above, holes in the buried chan- 
nel formed in the SiGe channel layer 303 have a greater 
mobility than those in Si due to the effect of the strain. 
On the other hand, holes in the parasitic channel travel 
with a lower mobility than the mobility in the buried chan- 
nel because they are subject to scattering due to a 
roughness of the interface between the gate insulating 
film 305 and the silicon cap layer 304, etc. Therefore, 
when the buried channel is dominant, the hole mobility 
is large as a whole, and it operates at a higher speed 
and can achieve a greater current driving power, as 
compared with a p-MOSFET using Si. However, when 
the parasitic channel is dominant, the hole mobility as a 
whole is reduced, thereby inhibiting a high-speed oper- 
ation and reducing the current driving power. 
[001 1] FIG. 26 is a diagram illustrating a gate bias de- 
pendence of the sheet carrier concentration (hole sheet 
concentration) of the buried channel and that of the par- 
asitic channel. Each curve shown by a dotted line in FIG. 
26 is for a case where the Ge composition is constant 
at 15%, and each curve shown by a solid line is for a 
case where the Ge composition varies linearly from 0% 
to 30%. As can be inferred from FIG. 24(a) and FIG. 24 
(b), in a case where the Ge composition is varied linearly 
from 0% to 30% so as to provide an increased band dis- 
continuity (A Ev) at the interface between the SiGe 
channel layer 303 and the silicon cap layer 304, as com- 
pared to a case where the Ge composition is constant, 
it is possible to increase the hole sheet concentration in 
the buried channel and to suppress the hole sheet con- 
centration in the parasitic channel while maintaining a 
thermal stability of a similar level. As a result, it is pos- 
sible to maintain a high-speed operation and a high cur- 
rent driving power over a wider range of gate voltage. 
Conventional examples of such a field effect transistor 
in which the parasitic channel is suppressed by grading 
the Ge composition are disclosed in, for example, an 
article (S. V. Vandebroek et al., IEEE Transactions on 
Electron Devices, Vol 41, p. 90 (1994)) and United 
States Patent No. 5,821,577. 

[0012] Moreover, a modulation doped structure has 
been employed in the prior art as alternative means for 
increasing the current driving power of a field effect tran- 
sistor. 

[0013] FIG. 27 is a diagram illustrating an example of 
a Ge composition profile and a p-type impurity concen- 
tration (boron in this example) profile in a case where a 
modulation doped structure is employed. A so-called "5 
doped layer", which is doped with a high concentration 
of an impurity for supplying carriers, is provided in the 
silicon buffer layer 302 in the vicinity of the channel 303. 
The 5 doped layer is provided in the silicon cap layer 
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304 in some cases. In FIG. 27, the other conditions such 
as the Ge composition of the channel layer 303, the size 
of the transistor, etc., are the same as those of FIG. 22. 
By providing the 8 doped layer separately from the chan- 
5 nel layer so as to spatially separate them from each oth- 
er, as described above, it is possible to suppress the 
impurity scattering in the channel and to maintain a high 
mobility of the carrier traveling through the channel while 
realizing a high current driving power. A field effect fran- 
co sistor having such a structure in which SiGe is used as 
a hole channel is described in, for example, S. P. Voini- 
gescu et al., IEDM Tech. Dig., p. 369 (1994). 
[0014] FIG. 28 is a diagram illustrating a drain voltage 
- drain current characteristics (Vd-ld characteristics) in 
15 a transistor whose Ge and boron profiles are as illustrat- 
ed in FIG. 25(a) and FIG. 27. As can be seen from a 
comparison between the solid line curve and the broken 
line curve, it is possible to obtain a higher current driving 
power by employing a modulation doped structure as 
20 illustrated in FIG. 27. 

PROBLEMS TO BE SOLVED 

[001 5] However, such a conventional field effect tran- 
25 sistor in which an SiGe layer is used as a channel as 
described above has the following problems: a problem 
in thermal stability due to a strain; and a problem of im- 
purity diffusion in modulation doping. These problems 
will be described below. 
30 [0016] In order to suppress a parasitic channel, the 
band offset value A Ev at the interface between the SiGe 
channel layer and the silicon cap layer can be increased, 
as described above, which can be achieved by increas- 
ing the Ge composition. Then, however, the SiGe chan- 
35 nel layer 303 is subject to an increased compressive 
strain. When the strain is excessive, the crystal can no 
longer hold its strained state, and is urged to return to 
its natural lattice constant by causing a crystal defect. 
This is called a "lattice relaxation". If a crystal lattice re- 
40 laxation occurs, a localized level occurs due to the crys- 
tal defect, which can cause a leak current and a de- 
crease in the hole mobility, thus deteriorating the device 
characteristics. 

[0017] The likelihood of the lattice relaxation is also 
45 dependent on the thickness of the thin film crystal. That 
is, there is an upper limit value for the thickness to which 
a crystal can be grown while accommodating a strain 
therein (i.e., without causing a lattice relaxation), and 
the upper limit thickness is called a "critical thickness". 
50 FIG. 29 is a diagram illustrating the relationship between 
the Ge composition of strained SiGe on an Si substrate 
and the critical thickness. As illustrated in FIG. 29, the 
critical thickness decreases rapidly with an increase in 
the Ge composition, i.e., with an increase in the strain 
55 amount. In view of the fact that the SiGe channel layer 
practically needs to have a thickness of about ten and 
several nanometers or more, it is necessary to suppress 
the strain amount to be about 0.5 to 0.8% if possible. 
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This means that it is necessary to suppress the Ge com- 
position to be about 15% or less in order to obtain a tran- 
sistor having a practical thermal stability, and the Ge 
composition (15%) of the conventional example sub- 
stantially corresponds to the upper limit value. On the 
other hand, also in the conventional example where the 
Ge composition varies from 0% to 30%, the average Ge 
composition is 1 5%, which is equal to the upper limit val- 
ue in a case where the Ge composition is constant. 
[001 8] It can be seen from the above that the Ge com- 
position can be increased in order to suppress a para- 
sitic channel. Then, however, the strain amount will also 
increase, whereby the lattice relaxation is more likely to 
occur. In such a structure, the lattice relaxation is likely 
to occur also due to a heat treatment during the process 
of manufacturing the transistor. Thus, the thermal sta- 
bility is poor. It is necessary to perform a heat treatment 
at a higher temperature in order to form a gate insulating 
film with a high quality and to sufficiently activate the 
impurity in the source region and the drain region, etc. 
However, as described above, with the thermal stability 
of the SiGe layer being poor, a sufficient heat treatment 
cannot be performed and it is not possible to derive a 
sufficient performance of the transistor. 
[001 9] Moreover, in the modulation doped structure il- 
lustrated in FIG. 27, it is advantageous to bring the 8 
doped layer as close as possible to the channel layer in 
order to provide a high current driving power. However, 
if they are too close to each other, the impurity in the 5 
doped layer is likely to diffuse from the 8 doped layer 
(peak position) into the channel layer 303, as illustrated 
in FIG. 27. In such a case, there occurs an impurity scat- 
tering of the carrier in the channel layer 303, thereby 
lowering the carrier mobility and reducing the driving 
current. 

DISCLOSURE OF THE INVENTION 

[0020] An object of the present invention is to provide 
a field effect transistor including an SiGe channel layer 
in which suppression of a parasitic channel and a desir- 
able thermal stability are both realized, while suppress- 
ing diffusion of an impurity into the channel layer. 
[0021] A p-channel type field effect transistor of the 
present invention is a field effect transistor formed on a 
semiconductor substrate, including: a first semiconduc- 
tor layer made of silicon; a second semiconductor layer 
provided on the first semiconductor layer and having a 
composition represented by Si^Ge* (0<x<1); a third 
semiconductor layer made of silicon provided on the 
second semiconductor layer; a gate insulating film pro- 
vided on the third semiconductor layer; and a gate elec- 
trode provided on the gate insulating film, wherein the 
second semiconductor layer becomes a p-channel re- 
gion through which holes travel when a negative voltage 
is applied to the gate electrode, and contains C (carbon) 
in at least one region thereof. 

[0022] Thus, C is contained in the second semicon- 



ductor layer, whereby the diffusion of an impurity in the 
second semiconductor layer to be the SiGe channel re- 
gion is suppressed. Therefore, it is possible to suppress 
the impurity scattering of the carrier, and to obtain a tran- 
5 sistor having a high carrier mobility and a large driving 
current. Moreover, the strain can be reduced by adjust- 
ing the C content. In such a case, the value of the band 
offset at the upper end of the valence band formed be- 
tween the first semiconductor layer and the second 
semiconductor layer does not substantially vary. There- 
fore, it is possible to reduce the strain to improve the 
thermal stability while ensuring the same threshold val- 
ue as that of a transistor having the same Ge composi- 
tion without C being contained therein. Thus, the carrier 
mobility is not deteriorated due to the lattice relaxation, 
whereby it is possible to realize a high current driving 
power. 

[0023] Where the second semiconductor layer has a 
composition in which a Ge content varies, it is possible 
to realize both the suppression of a parasitic channel 
and a desirable thermal stability. 
[0024] Where the second semiconductor layer is con- 
figured so that an energy level at an upper end of a va- 
lence band thereof takes its maximum value in a region 
contacting the third semiconductor layer, it is possible 
to reduce the threshold voltage as much as possible and 
to ensure a large driving current. 
[0025] Where the second semiconductor layer con- 
tains C in a region including the maximum value of the 
Ge content, it is possible to reliably prevent an impurity 
from diffusing into a portion where carriers are actually 
confined. 

[0026] Where the second semiconductor layer is con- 
figured so that a lattice strain thereof is 0.5% or less in 
at least one of a region contacting the first semiconduc- 
tor layer and a region contacting the third semiconductor 
layer, it is possible to ensure a sufficient thickness of the 
channel layer in a range such that the lattice relaxation 
does not occur. 

[0027] It is more preferred that the second semicon- 
ductor layer is configured so as to be lattice-matched 
with the first semiconductor layer and the third semicon- 
ductor layer in all regions. 

[0028] Where the transistor further includes a 8 doped 
layer containing a high concentration of a p-type impu- 
rity provided in a portion of the first semiconductor layer 
adjacent to the second semiconductor layer, it is possi- 
ble to suppress the impurity scattering in the channel 
region while supplied carriers to travel through the chan- 
nel region. 

[0029] In such a case, it is preferred that the at least 
one region of the second semiconductor layer contain- 
ing C is adjacent to the first semiconductor layer. 
[0030] Alternatively, the transistor may further include 
a 8 doped layer containing a high concentration of a p- 
type impurity provided in a portion of the third semicon- 
ductor layer adjacent to the second semiconductor lay- 
er. 
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[0031] In such a case, it is preferred that the at least 
one region of the second semiconductor layer contain- 
ing C is adjacent to the third semiconductor layer. 
[0032] Where at least one region of the third semicon- 
ductor layer contains C, it is possible to suppress the 
diffusion of an impurity into the gate insulating film, and 
to prevent the occurrence of problems such as varia- 
tions in the threshold voltage due to intrusion of the im- 
purity into the gate insulating film. 
[0033] Where the at least one region of the third sem- 
iconductor layer containing C is adjacent to the second 
semiconductor layer, it is possible to more effectively 
suppress the diffusion of an impurity in the third semi- 
conductor layer. 

[0034] It is preferred that the at least one region of the 
third semiconductor layer containing C is spaced apart 
from the gate insulating film by 1 nm or more, and more 
preferably by 2 nm or more. This is for preventing the 
reliability of the MOS transistor from being lowered 
through deterioration of the quality of the gate insulating 
film due to C entering the gate insulating film. 
[0035] Where a Ge content in the second semicon- 
ductor layer exceeds 30%, it is possible to realize a 
steep impurity concentration profile while increasing the 
band offset as much as possible. 
[0036] It is possible to more reliably suppress the oc- 
currence of a parasitic channel where the semiconduc- 
tor substrate is an SOI substrate obtained by providing 
a semiconductor layer on an insulative layer; and the 
first semiconductor layer is a semiconductor layer on the 
SOI substrate, and is configured so that when a negative 
voltage is applied to the gate electrode, a depletion layer 
reaches a lower end surface of the first semiconductor 
layer. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0037] FIG. 1 is a cross-sectional view illustrating a p- 
type field effect transistor in which a channel layer is 
made of a C-containing strained SiGe layer. 
[0038] FIG. 2(a), FIG. 2(b), FIG. 2(C) and FIG. 2(d) 
are diagrams illustrating a Ge composition profile in the 
depth direction, a C composition profile in the depth di- 
rection, a profile of the energy level Ev at the upper end 
of the valence band (with respect to the upper end of 
Si), and a strain amount profile, respectively, along the 
cross section of line A-A' of FIG. 1. 
[0039] FIG. 3 is a diagram illustrating the relationship 
among the Ge composition, the C composition, the 
strain amount and Ev for Si^G^Cy (O^x^ 1 , 0<Y^ 1 ) 
that is formed on a silicon substrate while being strained. 
[0040] Each of FIG. 4(a) and FIG. 4(b) is a diagram 
illustrating a profile of the conduction band end and the 
valence band end along the cross section of line A-A* of 
FIG. 1 when a negative gate voltage Vg is applied to the 
gate electrode 106 of the p-MOSFET described above. 
[0041] FIG. 5 is a diagram illustrating a gate voltage 
dependence of the sheet carrier concentration (hole 



sheet concentration) of the buried channel and that of 
the parasitic channel. 

[0042] FIG. 6 is a diagram illustrating the Vd-ld char- 
acteristics of the field effect transistor of the present in- 
5 vention containing C in the SiGe channel layer, and that 
of the conventional field effect transistor containing no 
C. 

[0043] FIG. 7 is a diagram illustrating changes in the 
Ge composition and the C composition in the channel 
10 layer of the SiGeC-pMOSFET of the second embodi- 
ment, and that of first and second conventional SiGe- 
pMOSFETs. 

[0044] FIG. 8(a), FIG. 8(b), FIG. 8(c) and FIG. 8(d) 
are diagrams illustrating a Ge composition profile, a C 
15 composition profile, an Ev profile, and a strain amount 
profile, respectively, for the SiGe-pMOSFET of the 
present embodiment and the first and second conven- 
tional SiGe-pMOSFETs. 

[0045] FIG. 9 is a diagram illustrating Vd-ld charac- 
teristics of an SiGeC-pMOSFET of the second embod- 
iment of the present invention. 
[0046] FIG. 10 is a diagram illustrating a gate voltage 
dependence of the sheet carrier concentration of the 
buried channel and that of the parasitic channel in the 
second embodiment. 

[0047] FIG. 11 is a diagram illustrating the Ge and C 
composition profile in the channel layer of the SiGeC- 
pMOSFET of the third embodiment, and that of the con- 
ventional SiGe-pMOSFET. 

[0048] FIG. 12(a), FIG. 12(b), FIG. 12(c) and FIG. 12 
(d) are diagrams illustrating a Ge composition profile, a 
C composition profile, an Ev profile, and a strain amount 
profile, respectively, for the SiGeC-pMOSFET of the 
third embodiment and the conventional SiGe-pMOS- 
FET. 

[0049] FIG. 13 is a diagram illustrating Vd-ld charac- 
teristics of the MOSFET of the third embodiment and 
that of the conventional MOSFET. 
[0050] FIG. 14 is a diagram illustrating a profile of the 
Ge composition and the C composition in the channel 
layer of the field effect transistor of the fourth and fifth 
embodiments. 

[0051] FIG. 15(a), FIG. 15(b), FIG. 15(c) and FIG. 15 
(d) are diagrams illustrating a Ge composition profile, a 
C composition profile and a p-type impurity (boron) con- 
centration profile, an Ev profile, and a strain amount pro- 
file, respectively, along the cross section of line A-A' of 
FIG. 1, according to the fourth embodiment. 
[0052] FIG. 16 is a diagram illustrating Vd-ld charac- 
teristics of an SiGeC-pMOSFET for a case where there 
is a p-type impurity doped layer in the silicon buffer layer 
and for a case where there is no p-type impurity doped 
layer in the silicon buffer layer. 

[0053] FIG. 17(a), FIG. 17(b), FIG. 17(c) and FIG. 17 
(d) are diagrams illustrating a Ge composition profile, a 
C composition profile and a p-type impurity (boron) con- 
centration profile, an Ev profile, and a strain amount pro- 
file, respectively, along the cross section of line A-A' of 
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FIG. 1, according to the fifth embodiment. 
[0054] FIG. 18 is a diagram illustrating Vd-ld charac- 
teristics of an SiGeC-pMOSFET of the fifth embodiment 
for a case where there is a p-type impurity doped layer 
in the silicon cup and for a case where there is no p-type 5 
impurity doped layer in the silicon cup layer. 
[0055] FIG. 1 9 is a cross-sectional view illustrating an 
SiGeC-pMOSFET according to the sixth embodiment. 
[0056] FIG. 20(a) and FIG. 20(b) are diagrams illus- 
trating a profile of the conduction band end and the va- 
lence band end along the cross section of line A-A' when 
a negative gate voltage Vg is applied to the gate elec- 
trode of the SiGeC-pMOSFET in the sixth and second 
embodiments, respectively. 

[0057] FIG. 21 is a diagram illustrating a gate voltage 
dependence of the sheet carrier concentration of the 
buried channel and that of the parasitic channel in the 
MOSFET of the sixth embodiment. 
[0058] FIG. 22 is a cross-sectional view illustrating an 
example of a conventional p-channel type field effect 
transistor (p-MOSFET). 

[0059] FIG. 23(a) and FIG. 23(b) are respectively a 
diagram illustrating the difference in lattice constant be- 
tween an SiGe single crystal and an Si single crystal, 
and a cross-sectional view illustrating a state where an 
SiGe layer is epitaxially grown on an Si layer. 
[0060] FIG. 24(a) and FIG. 24(b) are band diagrams 
illustrating the energy band for a small voltage applica- 
tion and that for a large voltage application, respectively, 
along a vertical cross section of a conventional p-chan- 
nel type field effect transistor. 

[0061] FIG. 25(a) and FIG. 25(b) are diagrams illus- 
trating a Ge composition profile and a strain amount pro- 
file, respectively, of a conventional p-channel type MOS- 
FET. 

[0062] FIG. 26 is a diagram illustrating a gate bias de- 
pendence of the sheet carrier concentration of holes of 
the buried channel and that of the parasitic channel in 
a conventional p-channel type field effect transistor. 
[0063] FIG. 27 is a diagram illustrating an example of 
a Ge composition profile and a p-type impurity concen- 
tration profile in a case where a modulation doped struc- 
ture is employed in a conventional p-channel type field 
effect transistor. 

[0064] FIG. 28 is a diagram illustrating a drain voltage 
- drain current characteristics (Vd-ld characteristics) in 
a conventional p-channel type field effect transistor. 
[0065] FIG. 29 is a diagram illustrating the relationship 
between the Ge composition of strained SiGe on an Si 
substrate and the critical thickness. 
[0066] FIG. 30(a) and FIG. 30(b) are diagrams illus- 
trating band structures in an SiGeC-pMOSFET with the 
gate bias being applied for a case where a p-type impu- 
rity doped layer is provided in the buffer layer and for a 
case where it is provided in the cap layer, respectively. 



BEST MODE FOR CARRYING OUT THE INVENTION 
- FIRST EMBODIMENT - 

[0067] First, the first embodiment of the present in- 
vention will be described. FIG. 1 is a cross-sectional 
view illustrating a p-type field effect transistor in which 
a channel layer is made of a C-containing strained SiGe 
layer. A silicon buffer layer 1 02, a channel layer 1 03 and 
a silicon cap layer 104 are successively epitaxially 
grown on an n-type silicon substrate 101 by a UHV-CVD 
method. The channel layer 103 is made of a C-contain- 
ing strained SiGe layer. The thicknesses of the silicon 
buffer layer 102, the channel layer 103 and the silicon 
cap layer 104 are 10 nm, 10 nm and 5 nm, respectively, 
and the layers are not subjected to an impurity doping 
process. Moreover, a gate insulating film 105 made of 
a silicon oxide film and a gate electrode 106 made of a 
polysilicon film are provided on the Si cap layer 104. 
Moreover, a source region 107 and a drain region 108 
containing a high concentration of a p-type impurity (e. 
g., boron) are formed in portions of the large region 
across the Si buffer layer 102, the SiGe channel layer 
103 and the Si cap layer 104 that are located on oppos- 
ing sides of the gate electrode 106. A source electrode 
109 is provided on the source region 107, and a drain 
electrode 110 is provided on the drain region 108. Note 
that the channel length and the channel width of an MOS 
type field effect transistor are 0.5 u.m and 1 0 u,m, for ex- 
ample. 

[0068] FIG. 2(a), FIG. 2(b), FIG. 2(C) and FIG. 2(d) 
are diagrams illustrating a Ge composition profile in the 
depth direction, a C composition profile in the depth di- 
rection, a profile of the energy level Ev at the upper end 
of the valence band (with respect to the upper end of 
Si), and a strain amount profile, respectively, along the 
cross section of line A-A' of FIG. 1 . As illustrated in FIG. 
2(a) and FIG. 2(b), the Ge composition varies linearly 
from 0% to 50% from one end closer to the silicon buffer 
layer 102 toward the other end closer to the silicon cap 
layer 104, and C is contained at 0.5% selectively in a 
region where the Ge composition is 40% to 50%. In FIG. 
2(c) and FIG. 2(d), a solid line denotes the field effect 
transistor of the present embodiment, and a dotted line 
denotes a conventional field effect transistor in which 
SiGe having a graded composition with no C is used as 
a channel. Showing only a solid line indicates that the 
profile of the present embodiment and that of the con- 
ventional example are completely the same or have only 
a slight difference that is substantially of no significance 
on this scale. 

[0069] Moreover, FIG. 3 is a diagram illustrating the 
relationship among the Ge composition, the C compo- 
sition, the strain amount and Ev for Si^yGexCy 
(0^x^1, 0<Y^1) that is formed on a silicon substrate 
while being strained. The Ge and C compositions for 
equal strain amounts and for equal Ev are shown by dot- 
ted lines and one-dot chain lines, respectively. In FIG. 
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3, changes in the Ge and C composition are shown by 
arrows. The tail of each arrow represents the composi- 
tion at one end of the channel layer that is closer to the 
silicon buffer layer, and the head of each arrow repre- 
sents the composition at the other end of the channel 
layer that is closer to the silicon cap layer, indicating that 
the Ge composition and the C composition are varied 
along the arrows. Arrow© denotes the field effect tran- 
sistor of the present embodiment, and Arrow © de- 
notes a conventional field effect transistor in which SiGe 
having a graded composition with no C is used as a 
channel. 

[0070] As can be seen from FIG. 2 and FIG. 3, if C is 
contained at 0.5% in the region where the Ge composi- 
tion is 40% to 50% (i.e., a region where it exceeds 30%), 
the strain amounts can be reduced by about 12% and 
1 0%, respectively, while Ev is not substantially changed. 
(The difference in Ev is negligible on the scale of FIG. 
2(c).) Thus, it is possible to increase the driving current 
while ensuring a large critical thickness of the SiGe 
channel layer. Particularly, there has been no SiGe- 
pMOSFET in the prior art in which the Ge content in the 
SiGe layer exceeds 30%, for practical use, aside from 
research use, because it is difficult to obtain a thermal 
stability such that a lattice relaxation does not occur in 
the process while ensuring a thickness required for ob- 
taining a sufficient driving current within the critical thick- 
ness range. In contrast, according to the present em- 
bodiment, it is possible to reduce only the lattice strain 
while ensuring Ev by containing C in a slight amount, 
whereby it is possible to ensure a sufficient driving cur- 
rent and a great thermal stability even if the Ge content 
in the SiGe layer (strictly speaking, an SiGeC layer) is 
30% or more. 

[0071] Next, the effect of suppressing a parasitic 
channel will be described in comparison with the con- 
ventional example containing no C. Each of FIG. 4(a) 
and FIG. 4(b) is a diagram illustrating a profile of the 
conduction band end and the valence band end along 
the cross section of line A-A* of FIG. 1 when a negative 
gate voltage Vg is applied to the gate electrode 106 of 
the p-MOSFET described above. FIG. 4(a) illustrates a 
state where the gate voltage is slightly overdriven from 
the threshold voltage, and FIG. 4(b) illustrates a state 
where the gate voltage is strongly overdriven from the 
threshold voltage. In the figures, regions denoted by ref- 
erence numerals such as "101" correspond to regions 
of the reference numerals shown in FIG. 1. The profile 
of the upper end of the valence band in the channel layer 
is substantially the same between the present embodi- 
ment and the conventional example containing no C, 
whereby the general profiles in FIG. 4(a) and FIG. 4(b) 
are also the same. Thus, it is possible to suppress the 
parasitic channel as in the conventional example having 
a graded SiGe composition. 

[0072] FIG. 5 is a diagram illustrating a gate voltage 
dependence of the sheet carrier concentration (hole 
sheet concentration) of the buried channel 103 and that 



of the parasitic channel 1 04. As can be seen, the present 
embodiment and the conventional example having a 
graded SiGe composition are equivalent to each other 
with respect to the suppression of the parasitic channel. 

5 [0073] FIG. 6 is a diagram illustrating the Vd-ld char- 
acteristics of the field effect transistor of the present in- 
vention containing C in the SiGe channel layer, and that 
of the conventional field effect transistor containing no 
C. As illustrated in FIG. 6, in the field effect transistor of 

10 the present invention, C is contained in a region where 
the Ge composition is large, thereby obtaining a larger 
drain current than that of the conventional field effect 
transistor. 

[0074] Specifically, according to the present inven- 
ts tion, the strain in the channel layer 103 is reduced and 
the thermal stability is significantly improved by contain- 
ing C in the channel layer 103, and it is possible to sup- 
press the lattice relaxation while maintaining a low 
threshold value because the band offset value from the 
20 cap layer is the same as that of a structure having the 
same Ge composition with no C contained therein. 
Thus, since the carrier mobility is not deteriorated due 
to a lattice relaxation in the crystal of the SiGe channel 
layer, a higher current driving power can be realized 
25 than the conventional example having a graded SiGe 
composition containing no C, thereby providing a prac- 
tical advantage. 

-SECOND EMBODIMENT - 

30 

[0075] Next, the second embodiment of the field effect 
transistor according to the present invention will be de- 
scribed. A field effect transistor in which the channel lay- 
er is made of SiGeC (SiGeC-pMOSFET) according to 

35 the present invention will be described, in comparison 
with a conventional field effect transistor in which the 
channel layer is made of composition-graded SiGe 
(containing no C) (SiGe-pMOSFET), in orderto illustrate 
the advantage thereof. 

40 [0076] The structure of the SiGeC-pMOSFET of the 
present embodiment is basically the same as that dis- 
cussed in the first embodiment and illustrated in FIG. 1, 
except that the channel layer is entirely made of SiGeC, 
containing C, and thus will not be further described be- 

45 low. The thicknesses of the silicon buffer layer 102, the 
channel layer 103 and the silicon cap layer 104 are 10 
nm, 10 nm and 5 nm, respectively, and the layers are 
not doped with an impurity. The channel length and the 
channel width of the transistor are 0.5 um and 10 um, 

so respectively. 

[0077] FIG. 7 is a diagram illustrating how to adjust 
the Ge composition and the C composition in the chan- 
nel layer of the SiGeC-pMOSFET of the present embod- 
iment, and that of first and second conventional SiGe- 

55 pMOSFETs. Arrows® ,@ and® in FIG. 7 denote the 
Ge composition and the C composition in the channel 
layer of the SiGeC-pMOSFET of the present invention, 
those of the first conventional SiGe-pMOSFET, and 
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those of the second conventional SiGe-pMOSFET, re- 
spectively. 

[0078] Specifically, in the SiGeC-pMOSFET of the 
present invention (arrow®), the channel layer 103 at 
its end closer to the silicon buffer layer 102 is silicon not 
containing Ge and C, and the Ge and C compositions 
at its end closer to the silicon cap layer 1 04 are 45% and 
3.8%, respectively. The Ge composition and the C com- 
position vary linearly from the tail to the head of arrow 
® . At the head of arrow © , the band offset is about 
250 meV and the strain amount is about 0.5% (compres- 
sive strain). 

[0079] In the first conventional SiGe-pMOSFET (ar- 
row© ), the channel layer 103 is silicon not containing 
Ge and C at its end closer to the silicon buffer layer 1 02, 
and the Ge composition at its end closer to the silicon 
cap layer 104 is 40%. The Ge composition varies line- 
arly from the tail to the head of arrow® . At the head of 
arrow© , Ev is about 250 meV as in the SiGeC-pMOS- 
FET of the present embodiment, and the strain amount 
is about 1.6% (compressive strain), which is more than 
three times that of the SiGeC-pMOSFET of the present 
embodiment. 

[0080] In the second conventional SiGe-pMOSFET 
(arrow® ), the channel layer 103 is silicon not contain- 
ing Ge and C at its end closer to the silicon buffer layer 
102, and the Ge composition at its end closer to the sil- 
icon cap layer 104 is 12%. The Ge composition varies 
linearly from the tail to the head of arrow® . At the head 
of arrow® , Ev is about 80 meV, which is one third of 
that of the SiGeC-pMOSFET, and the strain amount is 
about 0.5% (compressive strain) as in the SiGeC- 
pMOSFET. 

[0081] FIG. 8(a), FIG. 8(b), FIG. 8(c) and FIG. 8(d) 
are diagrams illustrating a Ge composition profile, a C 
composition profile, an Ev profile, and a strain amount 
profile, respectively, for the SiGeC-pMOSFET of the 
present embodiment and the conventional SiGe-pMOS- 
FETs. In the figures, regions denoted by reference nu- 
merals correspond to regions of the reference numerals 
shown in FIG. 1. Encircled numbers in the figures re- 
spectively correspond to the arrow numbers in FIG. 7. 
[0082] First, the SiGeC-pMOSFET (arrow ® ) of the 
present embodiment and the first conventional SiGe- 
pMOSFET (arrow© ) will be compared with each other. 
[0083] Since the Ev profile in the channel layer 103 is 
the same between the transistor of the present invention 
and the first conventional transistor, the general profile 
from the gate electrode to the Si substrate along the 
cross section of line A-A' of FIG. 1 is also the same ther- 
ebetween. Therefore, as described above in the first 
embodiment, the SiGeC-pMOSFET of the present em- 
bodiment and the first conventional SiGe-pMOSFET are 
equivalent to each other with respect to the suppression 
of the parasitic channel. 

[0084] FIG. 9 is a diagram illustrating Vd-ld charac- 
teristics of the SiGeC-pMOSFET of the present embod- 
iment. As illustrated in FIG. 8(d), the SiGeC-pMOSFET 



of the present embodiment (arrow ®) has a strain 
amount that is less than one third of that of the first con- 
ventional SiGe-pMOSFET (arrow© ), and the thermal 
stability thereof is significantly improved. Therefore, the 

5 crystal lattice relaxation is not likely to occur even 
through a heat treatment at a high temperature, where- 
by it is possible to suppress the deterioration of the car- 
rier mobility and to realize a high-speed operation and 
a high current driving power. Moreover, since a heat 

10 treatment at a relatively high temperature can be per- 
formed, the gate insulating film 105 can be formed with 
a high quality, the leak current in the gate insulating film 
105 can be reduced, and the resistance can be reduced 
by sufficiently activating the source region 107 and the 

15 drain region 108, thus realizing a higher transistor per- 
formance. 

[0085] As described above, with the SiGeC-pMOS- 
FET of the present embodiment as compared with the 
first conventional SiGe-pMOSFET, it is possible to sig- 

20 nificantly improve the thermal stability while ensuring ef- 
fects as described above with respect to the suppres- 
sion of the parasitic channel, whereby it is possible to 
realize a higher transistor performance, thus providing 
a practical advantage. 

25 [0086] Next, the SiGeC-pMOSFET of the present em- 
bodiment (arrow ®) and the second conventional 
SiGe-pMOSFET (arrow® ) will be compared with each 
other. 

[0087] FIG. 10 is a diagram illustrating a gate voltage 
30 dependence of the sheet carrier concentration (hole 
sheet concentration) of the buried channel 103 and that 
of the parasitic channel 104. As can be seen from FIG. 
8(c), the Ev value in the channel layer 103 of the present 
embodiment is more than three times that of the second 
35 conventional example. Therefore, with the SiGeC- 
pMOSFET of the present embodiment, it is possible to 
increase the hole sheet concentration in the buried 
channel and to suppress the hole sheet concentration 
in the parasitic channel. As a result, it is possible to 
40 maintain a high-speed operation and a high current driv- 
ing power over a wider range of gate voltage, thus pro- 
viding a practical advantage. 

[0088] Moreover, as illustrated in FIG. 8(d), the strain 
amount is the same between the SiGeC-pMOSFET of 

45 the present embodiment (arrow ® ) and the second 
conventional SiGe-pMOSFET (arrow ® ), and thus it 
can be considered that the thermal stabilities thereof are 
substantially equivalent to each other. 
[0089] As described above, with the SiGeC-pMOS- 

so FET of the present embodiment as compared with the 
second conventional SiGe-pMOSFET, it is possible to 
significantly suppress the parasitic channel while ensur- 
ing similar effects with respect to the thermal stability, 
whereby it is possible to realize a higher transistor per- 

55 formance, thus providing a practical advantage. 

[0090] Moreover, the following advantages are also 
provided by forming the channel layer 1 03 using SiGeC. 
As the gate length of a field effect transistor decreases, 



8 



15 



EP 1 253 648 A1 



16 



short channel effects such as a decrease in the thresh- 
old voltage become more pronounced. In order to sup- 
press the short channel effects, the implantation profile 
in the vicinity of the source and drain regions is control- 
led two-dimensionally in a fine manner by performing, 
for example, LDD implantation or pocket implantation. 
However, if a heat treatment at a high temperature for 
activating an impurity, etc., is performed after the fine 
profile control, the impurity is diffused so that the two- 
dimensional profile is blurred, whereby the short chan- 
nel effects cannot be controlled sufficiently. In contrast, 
with the field effect transistor of the present embodi- 
ment, C is contained in the channel layer, whereby the 
diffusion of an impurity is suppressed, and the fine two- 
dimensional profile can be maintained even after a heat 
treatment at a high temperature, thus suppressing the 
short channel effects sufficiently. 

-THIRD EMBODIMENT - 

[0091] The third embodiment of the field effect tran- 
sistor according to the present invention will be de- 
scribed. A field effect transistor in which the channel lay- 
er is made of SiGeC (SiGeC-pMOSFET) of the present 
embodiment will be described, in comparison with a 
conventional field effect transistor in which the channel 
layer is made of composition-graded SiGe (containing 
no C) (SiGe-pMOSFET), in order to illustrate the advan- 
tage thereof. 

[0092] The structure of the SiGeC-pMOSFET of the 
present embodiment is basically the same as that of the 
first embodiment illustrated in FIG. 1, except that the 
channel layer is entirely made of SiGeC, containing C, 
and thus will not be further described below. The thick- 
nesses of the silicon buffer layer 102, the channel layer 
103 and the silicon cap layer 104 are 10 nm, 10 nm and 
5 nm, respectively, and the layers are not subjected to 
an impurity doping process. The channel length and the 
channel width of the transistor are 0.5 and 10 um, 
respectively. 

[0093] FIG. 11 is a diagram illustrating the Ge and C 
composition profile in the channel layer of the SiGeC- 
pMOSFET of the present embodiment, and that of the 
conventional SiGe-pMOSFET. Arrows ® and © in 
FIG. 11 denote the Ge and C composition profile in the 
channel layer of the pMOSFET of the present embodi- 
ment and that of the conventional pMOSFET, respec- 
tively. 

[0094] Specifically, in the SiGeC-pMOSFET of the 
present embodiment (arrow® ), the channel layer 103 
at its end closer to the silicon buffer layer 102 is silicon 
not containing Ge and C, and the Ge and C composi- 
tions at its end closer to the silicon cap layer 104 are 
25% and 3%, respectively. The Ge composition and the 
C composition vary linearly from the tail to the head of 
arrow® . At the head of arrow® , Ev is about 140 meV. 
Moreover, the strain amount of the channel layer 103 is 
0% anywhere from a portion thereof contacting the sili- 



con buffer layer 102 to a portion thereof contacting the 
silicon cap layer 104, and the channel layer 103 is lat- 
tice-matched with the silicon substrate 101. Even in a 
case where the channel layer 103 has no strain, a hole 
5 in the SiGeC layer has a greater mobility than that of a 
hole in the Si layer due to the nature of material of 
SiGeC, whereby it is possible to realize a high-speed 
operation of a field effect transistor. 
[0095] In the conventional SiGe-pMOSFET (arrow 
(2) ), the channel layer 103 is silicon not containing Ge 
and C at its end closer to the silicon buffer layer 102, 
and the Ge composition at its end closer to the silicon 
cap layer 104 is 22%. The Ge composition varies line- 
arly from the tail to the head of arrow© . At the head of 
arrow® , Ev is about 140 meV and the strain amount 
is about 0.8% (compressive strain). 
[0096] FIG. 12(a), FIG. 12(b), FIG. 12(c) and FIG. 12 
(d) are diagrams illustrating a Ge composition profile, a 
C composition profile, an Ev profile, and a strain amount 
profile, respectively, for the SiGeC-pMOSFET of the 
third embodiment and the conventional SiGe-pMOS- 
FET. The numbers in the figures respectively corre- 
spond to the arrow numbers in FIG. 11. 
[0097] Since the Ev profile in the channel layer 103 is 
the same between the transistor of the present invention 
and the conventional transistor, the general profile from 
the gate electrode to the Si substrate along the cross 
section of line A-A' of FIG. 1 is also the same therebe- 
tween. Therefore, as described above in the first em- 
bodiment, the SiGeC-pMOSFET of the present embod- 
iment (arrow® ) and the conventional SiGe-pMOSFET 
(arrow (2) ) are equivalent to each other with respect to 
the suppression of the parasitic channel. 
[0098] FIG. 13 is a diagram illustrating Vd-ld charac- 
teristics of the MOSFET of the present embodiment and 
that of the conventional MOSFET. As illustrated in FIG. 
12(d), in the SiGeC-pMOSFET of the present embodi- 
ment, the channel layer 103 is lattice-matched with the 
silicon substrate 1 01 , and thus the strain amount thereof 
is 0% anywhere. Therefore, the thermal stability im- 
proves dramatically to a level equivalent to that of Si. 
Therefore, it can be seen that since the crystal lattice 
relaxation does not occur even through a heat treatment 
at a high temperature, and thus the carrier mobility does 
not deteriorate, it is possible to realize a high-speed op- 
eration and a high current driving power. Moreover, 
since a heat treatment at a relatively high temperature 
can be performed, the gate insulating film 105 can be 
formed with a high quality, the leak current in the gate 
insulating film can be reduced, and the resistance can 
be reduced by sufficiently activating the source region 
107 and the drain region 108, thus realizing a higher 
transistor performance. 

[0099] As described above, with the SiGeC-pMOS- 
FET of the present embodiment as compared with the 
conventional SiGe-pMOSFET, it is possible to dramati- 
cally improve the thermal stability while ensuring effects 
as described above with respect to the suppression of 
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the parasitic channel, whereby it is possible to realize a 
higher transistor performance, thus providing a practical 
advantage. 

- FOURTH EMBODIMENT - 

[0100] Next, the fourth embodiment of the present in- 
vention will be described. Also in the present embodi- 
ment, the structure of the field effect transistor is basi- 
cally the same as the structure of the first embodiment 
illustrated in FIG. 1. However, the present embodiment 
is characterized in that the channel layer has a modula- 
tion doped structure, and a high concentration p-type 
impurity doped layer (6 doped layer) is included in the 
silicon buffer layer 102. The thicknesses of the silicon 
buffer layer 102, the channel layer 103 and the silicon 
cap layer 104 are 10 nm, 10 nm and 5 nm, respectively, 
and the channel layer and the silicon cap layet are not 
doped with an impurity. The channel length and the 
channel width of the transistor are 0.5 ujti and 10 urn, 
respectively. 

[0101] FIG. 14 is a diagram illustrating a profile of the 
Ge composition and the C composition in the channel 
layer of the field effect transistor of the present embod- 
iment. An arrow in FIG. 14 denotes changes in the Ge 
composition and the C composition in the channel layer 
of the field effect transistor of the present embodiment. 
[0102] Specifically, in the channel layer 103 of the field 
effect transistor of the present embodiment, the Ge 
composition and the C composition at its end closer to 
the silicon buffer layer 102 are 8% and 0.9%, respec- 
tively. Moreover, as indicated by the arrow, the Ge com- 
position in the channel layer increases linearly toward 
the silicon cap layer 104, and the Ge composition and 
the C composition are 20% and 0.9%, respectively, at a 
depth in the channel layer. Furthermore, in the channel 
layer, the Ge composition and the C composition again 
increase linearly toward the silicon cap layer 104, and 
the Ge composition and the C composition are 30% and 
3.4%, respectively, at its end closer to the silicon cap 
layer 104. 

[0103] FIG. 15(a), FIG. 15(b), FIG. 15(c) and FIG. 15 
(d) are diagrams illustrating a Ge composition profile, a 
C composition profile and a p-type impurity (boron) con- 
centration profile, an Ev profile, and a strain amount pro- 
file, respectively, along the cross section of line A-A' of 
FIG. 1. The illustrated profiles are those obtained after 
the transistor is manufactured. It can be seen that al- 
though boron is diffused through a heat treatment in the 
manufacturing process, the diffusion of boron into the 
channel layer is inhibited by C in the channel layer 103. 
[0104] Thus, with the field effect transistor of the 
present embodiment, it is possible to realize a high- 
speed operation by preventing deterioration of the mo- 
bility due to an impurity scattering in the channel layer. 
Moreover, this means that the high concentration p-type 
impurity doped layer can be brought as close as possi- 
ble to the channel layer 103. Therefore, a higher current 



driving power can be obtained in the present embodi- 
ment. 

[0105] Next, as illustrated in FIG. 15(c), Ev in the 
channel layer 103 increases monotonically from its end 

5 closer to the silicon buffer layer 102 to its end closer to 
the silicon cap layer 104, and is about 45 meV at the 
end closer to the silicon buffer layer 102 and about 165 
meV at the end closer to the silicon cap layer 1 04. There- 
fore, a sufficient band offset is obtained at the end of the 

10 channel layer 103 closer to the silicon cap layer 104, 
whereby it is possible to reliably suppress the formation 
of the parasitic channel while maintaining a small 
threshold voltage. 

[0106] Next, as illustrated in FIG. 15(d), the strain 

15 amount in the channel layer 103 takes its maximum val- 
ue of 0.5% at a position in the middle of the channel 
layer 103 where the Ge composition is 20% and the C 
composition is 0.9%, and the strain amount is 0% (no 
strain) both at its end closer to the silicon buffer layer 

20 102 and at its end closer to the silicon cap layer 104. In 
the field effect transistor of the present embodiment, the 
channel layer 103 is lattice-matched with the silicon lay- 
er both at its end closer to the silicon buffer layer 102 
and its end closer to the silicon cap layer 104, whereby 

25 the field effect transistor has a desirable thermal stabil- 
ity. Therefore, the crystal lattice relaxation is not likely 
to occur even through a heat treatment at a high tem- 
perature, and the deterioration of the carrier mobility is 
prevented, whereby it is possible to realize a field effect 

30 transistor with a high-speed operation and a high current 
driving power. Moreover, since a heat treatment at a 
high temperature can be performed, the gate insulating 
film 105 can be formed with a high quality, the leak cur- 
rent in the gate insulating film can be reduced, and the 

35 resistance can be reduced by sufficiently activating the 
source region 107 and the drain region 108, thus real- 
izing a higher transistor performance. 
[0107] FIG. 16 is a diagram illustrating Vd-ld charac- 
teristics of an SiGeC-pMOSFET for a case where there 

40 is a p-type impurity doped layer (5 doped layer) in the 
silicon buffer layer and for a case where there is no p- 
type impurity doped layer (5 doped layer) in the silicon 
buffer layer. As illustrated in the figure, the current driv- 
ing power can be further increased by employing a mod- 

45 ulation doped structure by providing the 8 doped layer. 
[0108] FIG. 30(a) and FIG. 30(b) are diagrams illus- 
trating band structures in an SiGeC-pMOSFET with the 
gate bias being applied for a case where a p-type impu- 
rity doped layer (5 doped layer) is provided in the silicon 

50 buffer layer and for a case where it is provided in the 
silicon cap layer, respectively. As illustrated in the fig- 
ures, particularly when the 6 doped layer is provided in 
the silicon cap layer, a sharp trough is formed in the band 
offset portion, whereby it is possible to further enhance 

55 the carrier confining function. 

[0109] As described above, with the field effect tran- 
sistor of the present embodiment, it is possible not only 
to improve the thermal stability while reliably suppress- 
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ing the formation of the parasitic channel, but also to 
increase the current driving power by employing the 
modulation doped structure, whereby it is possible to re- 
alize a higher transistor performance, thus providing a 
practical advantage. 

- FIFTH EMBODIMENT - 

[0110] Next, the fifth embodiment of the present in- 
vention will be described. Also in the present embodi- 
ment, the structure of the field effect transistor is basi- 
cally the same as the structure of the first embodiment 
illustrated in FIG. 1. However, the present embodiment 
is characterized in that the transistor has a modulation 
doped structure, and a high concentration p-type impu- 
rity doped layer ( 5 doped layer) is included in the silicon 
cap layer 104. The thicknesses of the silicon buffer layer 
102, the channel layer 103 and the silicon cap layer 104 
are 10 nm, 10 nm and 5 nm, respectively, and the chan- 
nel layer and the silicon buffer layer are not doped with 
an impurity. The channel length and the channel width 
of the transistor are 0.5 um and 10 urn, respectively. 
[0111] Also in the present embodiment, the Ge com- 
position and C composition profile in the channel layer 
of the field effect transistor is as that of the fourth em- 
bodiment shown by the arrow in FIG. 14. 
[0112] FIG. 17(a), FIG. 17(b), FIG. 17(c) and FIG. 17 
(d) are diagrams illustrating a Ge composition profile, a 
C composition profile and a p-type impurity (boron) con- 
centration profile, an Ev profile, and a strain amount pro- 
file, respectively, along the cross section of line A-A' of 
FIG. 1. The illustrated profiles are those obtained after 
the transistor is manufactured. As illustrated in FIG. 17 
(b), it can be seen that although boron is diffused 
through a heat treatment in the manufacturing process, 
the diffusion of boron in the channel layer is inhibited by 
C in the channel layer 103. 

[0113] Thus, with the field effect transistor of the 
present embodiment, it is possible to realize a high- 
speed operation by preventing deterioration of the mo- 
bility due to an impurity scattering in the channel layer. 
Moreover, this means that the high concentration p-type 
impurity doped layer (5 doped layer) can be brought as 
close as possible to the channel layer 103. Therefore, 
a higher current driving power can be obtained. 
[0114] Next, as illustrated in FIG. 17(c) and FIG. 17 
(d), also in the present embodiment, as in the fourth em- 
bodiment, the Ev value is sufficiently large at one end 
of the channel layer 103 closer to the silicon cap layer 
104, whereby it is possible to ensure a large band offset 
and to sufficiently suppress the parasitic channel. More- 
over, the strain amount in the channel layer 103 is 0% 
both at its end closer to the silicon buffer layer 102 and 
at its end closer to the silicon cap layer 104, whereby 
the MOSFET of the present embodiment also has a de- 
sirable thermal stability, as in the fourth embodiment. 
[0115] FIG. 18 is a diagram illustrating Vd-ld charac- 
teristics of an SiGeC-pMOSFET for a case where there 



is a p-type impurity doped layer (5 doped layer) in the 
silicon cup layer and for a case where there is no p-type 
impurity doped layer (5 doped layer) in the silicon cup 
layer. As illustrated in the figure, the current driving pow- 
er can be further increased by employing a modulation 
doped structure by providing the p-type impurity doped 
layer (6 doped layer). 

[0116] If a region in the silicon cap layer 1 04 including 
at least a portion of the p-type impurity doped layer (8 
doped layer) that is doped with a high concentration of 
a p-type impurity (e.g., boron) is made of a carbon-con- 
taining layer that contains carbon (e.g., 0.3%), as indi- 
cated by a broken line of FIG. 17(b), it is possible to 
suppress the diffusion of the p-type impurity (e.g., bo- 
ron) into the channel region and the gate oxide film. In 
this way, it is possible to suppress the occurrence of var- 
iations in the threshold voltage of the transistor due to 
intrusion of boron, etc., into the gate oxide film. The ex- 
tent of the carbon-containing layer is preferably spaced 
apart from the gate oxide film by 1 nm or more, and more 
preferably by 2 nm or more. This is for preventing the 
reliability of the MOS transistor from being lowered 
through deterioration of the quality of the gate insulating 
film due to C entering the gate oxide film. 
[0117] As described above, with the field effect tran- 
sistor of the present embodiment, it is possible not only 
to improve the thermal stability while reliably suppress- 
ing the formation of the parasitic channel, but also to 
increase the current driving power by employing the 
modulation doped structure, whereby it is possible to re- 
alize a higher transistor performance, thus providing a 
practical advantage. 

-SIXTH EMBODIMENT - 

[0118] Next, in the present embodiment, a p-type field 
effect transistor (SiGeC-pMOSFET) that is formed on 
an SOI substrate and in which a channel layer is made 
of a strained SiGeC layer will be described. 
[0119] FIG. 19 is a cross-sectional view illustrating an 
SiGeC-pMOSFET according to the present embodi- 
ment. A silicon buffer layer 202, a channel layer 203 and 
a silicon cap layer 204 are successively epitaxially 
grown on a surface silicon layer 21 3 of an SOI substrate 
201 by a UHV-CVD method, the SOI substrate 201 in- 
cluding a silicon substrate 211, a buried oxide film 212 
and the surface silicon layer 21 3. The channel layer 203 
is made of SiGeC. The thickness of the surface silicon 
layer 213 on the buried oxide film 212 is 30 nm, and the 
transistor is configured so as to operate as a so-called 
"complete depletion type" field effect transistor with the 
entire active region becoming a depletion layer upon ap- 
plication of a voltage thereto. 

[0120] The thicknesses of the silicon buffer layer 202, 
the channel layer 203 and the silicon cap layer 204 are 
10 nm, 10 nm and 5 nm, respectively, and the layers are 
not subjected to an impurity doping process. A gate in- 
sulating film 205 made of a silicon oxide film and a gate 
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electrode 206 made of a polysilicon film are provided on 
the Si cap layer 204. Moreover, a source region 207 and 
a drain region 208 containing a high concentration of a 
p-type impurity (e.g., boron) are formed in portions of 
the large region across the Si buffer layer 202, the SiGe 
channel layer 203 and the Si cap layer 204 that are lo- 
cated on opposing sides of the gate electrode 206. A 
source electrode 209 is provided on the source region 
207 f and a drain electrode 210 is provided on the drain 
region 208. Note that the channel length and the chan- 
nel width of an MOS type field effect transistor are 0.5 
^im and 10 u.m, for example. 

[0121] The Ge and C composition profile in the chan- 
nel layer of the field effect transistor of the present em- 
bodiment is the same as that of the second embodiment 
shown by arrow© in FIG. 7. Specifically, in the SiGeC- 
pMOSFET of the present embodiment, the channel lay- 
er 203 at its end closer to the silicon buffer layer 202 is 
silicon not containing Ge and C, and the Ge and C com- 
positions at its end closer to the silicon cap layer 204 
are 45% and 3.8%, respectively. The Ge composition 
and the C composition vary linearly from the tail to the 
head of arrow© in FIG. 7. At the head of arrow© , the 
band offset is about 250 meV and the strain amount is 
about 0.5% (compressive strain). 
[0122] FIG. 20(a) and FIG. 20(b) are diagrams illus- 
trating a profile of the conduction band end and the va- 
lence band end along the cross section of line A-A' when 
a negative gate voltage Vg is applied to the gate elec- 
trode 206 of the SiGeC-pMOSFET in the present em- 
bodiment and in the second embodiment, respectively. 
[0123] As illustrated in FIG. 20(a), in the SiGeC- 
pMOSFET of the present embodiment, the surface sili- 
con layer 213 is completely depleted, whereby a portion 
of the gate voltage Vg (Vg, box) is applied also to the 
buried oxide film 212. Therefore, the voltage applied to 
the silicon cap layer 204 is smaller than that in the 
SiGeC-pMOSFET (FIG. 20(b)) as described above in 
the second embodiment, with the same gate voltage Vg 
being applied to the gate electrode 206. Therefore, in 
the SiGeC-pMOSFET on the complete depletion type 
SOI substrate, the curve of the band in the vicinity of the 
silicon cap layer 204 is gentle. As is apparent from FIG. 
20(a), the formation of the parasitic channel can be sup- 
pressed more strongly than in the second embodiment. 
[0124] FIG. 21 is a diagram illustrating a gate voltage 
dependence of the sheet carrier concentration of the 
buried channel 203 and that of the parasitic channel 204 
in the MOSFET of the present embodiment. 
[0125] As described above, in the SiGeC-pMOSFET 
on the SOI substrate according to the present embodi- 
ment, the surface silicon layer of the SOI substrate is 
completely depleted, whereby the formation of the par- 
asitic channel can be suppressed more strongly as com- 
pared with an SiGeC-pMOSFET on a normal silicon 
substrate having the same graded composition (not an 
SOI substrate), thus providing a practical advantage. 
[0126] Note that while an oxide film is employed for 



the gate insulating film in all of the embodiments de- 
scribed above, effects as those described above can be 
obtained by the present invention even if it is a different 
insulative film such as a nitride film. 

5 [0127] According to the present invention, the chan- 
nel layer is made of C-containing SiGe (or SiGeC), 
whereby it is possible to more strongly confine holes in 
the buried channel and to more strongly suppress the 
parasitic channel, while suppressing the strain amount 

10 across the entire channel layer and maintaining a suffi- 
cient thermal stability, thus providing a practical advan- 
tage. Moreover, the addition of C provides an effect that 
it is possible to realize a higher current driving power by 
suppressing the diffusion of an impurity into the channel 

15 layer in a modulation doped structure. Furthermore, it is 
possible to further increase the effect of suppressing the 
parasitic channel by forming the transistor of an embod- 
iment of the present invention on an SOI substrate. 



[0128] A semiconductor device of the present inven- 
tion can be used in devices such as an Si/SiGe hetero 
junction type or Si/SiGeC hetero junction type MOSFET, 
DTMOS, etc., that are mounted on electronic equip- 
ment. 



Claims 

1 . A p-channel type field effect transistor, being a field 
effect transistor formed on a semiconductor sub- 
strate, comprising: 

a first semiconductor layer made of silicon; 
a second semiconductor layer provided on the 
first semiconductor layer and having a compo- 
sition represented by Si^Gex (0<x<1); 
a third semiconductor layer made of silicon pro- 
vided on the second semiconductor layer; 
a gate insulating film provided on the third sem- 
iconductor layer; and 

a gate electrode provided on the gate insulating 
film, 

wherein the second semiconductor layer be- 
comes a p-channel region through which holes trav- 
el when a negative voltage is applied to the gate 
electrode, and contains C (carbon) in at least one 
region thereof. 

2. The p-channel type field effect transistor of claim 1 , 
wherein the second semiconductor layer has a 
composition in which a Ge content varies. 

3. The p-channel type field effect transistor of claim 2, 
wherein the second semiconductor layer is config- 
ured so that an energy level at an upper end of a 
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valence band thereof takes its maximum value in a 
region contacting the third semiconductor layer. 

4. The p-channel type field effect transistor of claim 2 
or 3, wherein the second semiconductor layer con- 
tains C in a region including the maximum value of 
the Ge content. 

5. The p-channel type field effect transistor of any of 
claims 1 to 4, wherein the second semiconductor 
layer is configured so that a lattice strain thereof is 
0.5% or less in at least one of a region contacting 
the first semiconductor layer and a region contact- 
ing the third semiconductor layer. 

6. The p-channel type field effect transistor of any of 
claims 1 to 4, wherein the second semiconductor 
layer is configured so as to be lattice-matched with 
the first semiconductor layer and the third semicon- 
ductor layer in all regions. 

7. The p-channel type field effect transistor of any of 
claims 1 to 6, further comprising a 5 doped layer 
containing a high concentration of a p-type impurity 
provided in a portion of the first semiconductor layer 
adjacent to the second semiconductor layer. 

8. The p-channel type field effect transistor of claim 7, 
wherein the at least one region of the second sem- 
iconductor layer containing C is adjacent to the first 
semiconductor layer. 

9. The p-channel type field effect transistor of any of 
claims 1 to 8, further comprising a 5 doped layer 
containing a high concentration of a p-type impurity 
provided in a portion of the third semiconductor lay- 
er adjacent to the second semiconductor layer. 

10. The p-channel type field effect transistor of claim 9, 
wherein the at least one region of the second sem- 
iconductor layer containing C is adjacent to the third 
semiconductor layer. 

11. The p-channel type field effect transistor of any of 
claims 1 to 10, wherein at least one region of the 
third semiconductor layer contains C. 

12. The p-channel type field effect transistor of claim 
11 , wherein the at least one region of the third sem- 
iconductor layer containing C is adjacent to the sec- 
ond semiconductor layer. 

13. The p-channel type field effect transistor of claim 
11 , wherein the at least one region of the third sem- 
iconductor layer containing C is spaced apart from 
the gate insulating film by 1 nm or more. 

14. The p-channel type field effect transistor of claim 



11 , wherein the at least one region of the third sem- 
iconductor layer containing C is spaced apart from 
the gate insulating film by 2 nm or more. 

5 15. The p-channel type field effect transistor of any of 
claims 1 to 14, wherein a Ge content in the second 
semiconductor layer exceeds 30%. 

16. The p-channel type field effect transistor of any of 
10 claims 1 to 15, wherein: 

the semiconductor substrate is an SOI sub- 
strate obtained by providing a semiconductor 
layer on an insulative layer; and 
the first semiconductor layer is a semiconduc- 
tor layer on the SOI substrate, and is configured 
so that when a negative voltage is applied to 
the gate electrode, a depletion layer reaches a 
lower end surface of the first semiconductor 
layer. 
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